The animal body is fundamentally made of water. A small fraction of this water is freely flowing in blood and lymph, but most of it is trapped in hydrogels such as the extracellular matrix (ECM), the cytoskeleton, and chromatin. Besides providing a medium for biological molecules to diffuse, water trapped in hydrogels plays a fundamental mechanical role. This role is well captured by the theory of poroelasticity, which explains how any deformation applied to a hydrogel causes pressure gradients and water flows, much like compressing a sponge squeezes water out of it. Here we review recent evidence that poroelastic pressures and flows can fracture essential biological barriers such as the nuclear envelope, the cellular cortex, and epithelial layers. This type of fracture is known in engineering literature as hydraulic fracturing or 'fracking'.
Introduction
To perform its controlled daily function, the animal body is segregated into functional compartments by highly regulated barriers [1] . At the smallest length scale, the nuclear envelope separates transcription and translation, and regulates the passage of macromolecules from the cytoplasm to the nucleoplasm. At a longer scale, the plasma membrane and the underlying cytoskeleton control intracellular composition and provide cell shape stability. At the supracellular level, epithelial layers control fluid transport, protect organs against the pathogenic attack, and provide structural support to tissues.
Given the crucial role of biological barriers in physiology, it is tempting to think that they have evolved mechanical properties that make them highly resistant to fracture. In contrast with this view, recent evidence has shown that, under some circumstances, biological barriers might undergo fracture routinely: the nuclear envelope breaks as immune cells or cancer cells squeeze through narrow pores [2••,3••], the membrane detaches from the cytoskeletal cortex during blebbing [4,5•] , and the epithelium exhibits intercellular cracks during physiological levels of stretching [6••] . These three examples share in common that fracture appears to be caused by differences in water pressure and flow. In the engineering literature, this type of fracturing is called hydraulic fracturing or "fracking". Remarkably, biological barriers have evolved diverse strategies to heal from hydraulic fracturing within seconds to minutes. Here we review fundamentals of hydraulic fracturing in cells and tissues and we summarize the theory of poroelasticity, which captures flow of water within hydrogels. We then discuss the three examples of hydraulic fracturing mentioned above and the corresponding healing strategies.
Fracture mechanics at a glance
In the study of the mechanics of inert materials, fracture refers to the separation of a previously cohesive surface within a material as a result of an external action. If this surface is an internal interface in a composite material (here a cell-cell or membrane-network interface), then the phenomenon is called interfacial fracture. A useful framework to rationalize fracture processes is Griffith's theory [7] . Suppose we apply a force to a deformable material. The mechanical work performed on the material, i.e. the applied force times the resulting displacement, is stored in it as elastic energy. In an attempt to relax, the material may develop a crack, thereby releasing stored elastic energy. However, creating a new free surface in the material costs interfacial energy. According to this theory, fracture becomes a competition between the work provided externally, the release of elastic energy, and the energy associated to newly created free surfaces. The external work can involve that of applied forces or that of hydraulic pressure in fluid-filled cracks (Fig. 1 ). In most real materials, the energy spent in propagating a crack is larger than the intrinsic surface energy, due to various dissipative mechanisms in the so-called process zone near the crack tip, which enhance fracture toughness.
This theory can provide a mechanistic framework for biological processes of interfacial decohesion, but requires accounting for the complexity and active nature of biological materials. 
Hydraulic fracturing in cells and tissues
The notion that hydraulic fracturing is intimately linked to cellular function can be illustrated by the phenomenon of cellular blebbing ( Fig. 2a,b ). Blebs are transient quasispherical protrusions that are ubiquitous in variety of cellular functions such as cytokinesis, motility, spreading and apoptosis [13] . While dynamics can be rather diverse, blebs are relatively short-lived. Typically, a bleb nucleates in an apparently random position of the cell surface, it grows for tens of seconds, and it is reabsorbed within a few minutes. Blebs originate from a myosin-II-mediated delamination of the plasma membrane from the actomyosin cortex [14] . Following delamination, blebs are filled with pressurized fluid from the cytoplasm or from the surrounding extracellular medium [15]. Blebs have been traditionally associated with convex cellular protrusions, but a recent study showed that high haemodynamic pressure can lead to the so-called inverse blebs, which invaginate into the cytoplasm rather than protrude into the extracellular milieu [5•], highlighting the morphogenic role of hydraulic pressure.
While some aspects of blebbing mechanics are well understood, the mechanisms of bleb nucleation remain a matter of debate. An appealing mechanism is hydraulic fracturing caused by a transient contraction of the actomyosin cytoskeleton [4] . This mechanism is based on the idea that the cell interior is poroelastic; a local contraction of the cytoskeleton causes a local pressure buildup that slowly relaxes through water flow in the cytoskeletal network ( Fig. 2b ). If this network is relatively dilute, water in the contracted region will easily flow away from it without building up a significant pressure differential. However, if the cytoskeletal network is dense, a relatively long-lived pressure transient will develop, the cell membrane will detach from the actin cortex, and a bleb will form. Experimental support to this mechanism includes the observation that blebs can be induced by creating local pressure differences using micropipettes [16] , by locally reducing the adhesion energy between the cell and its cortex [17] , by locally ablating the actin cortex with a laser [18] , by increasing cortical contractility [19] , and by depolymerizing the cortex [20] . However, establishing a definitive causal link between membrane/cortex facture and a local increase in pressure of poroelastic origin remains a remarkable experimental challenge.
More recently, hydraulic fracturing was shown to underlie the formation of intercellular cracks in epithelial layers [6••] . Because the main functions of these layers are to control flow between adjacent body compartments and to protect the body from pathogenic attack, their mechanical integrity is crucial. Maintaining mechanical integrity for a thin layer like the epithelium is particularly challenging in highly dynamic organs, in which cells are routinely subjected to large deformations and pressure differences. In the lung, for example, high stretching levels such as those experienced by patients subjected to mechanical ventilation can exacerbate and even induce acute lung injury [21] . Conversely, high transpulmonary pressure such as that experienced at high altitude can cause pulmonary edema [22] .
Epithelial fracture has been traditionally attributed to an excess in tension in cell-cell junctions, cell-matrix junctions, or the plasma membrane [23] [24] [25] . As an alternative to this paradigm, Casares et al showed recently that hydraulic fracturing can be at the origin of epithelial cracks [6••] (Fig. 2c,d) . With a few exceptions, such as early stages of development, epithelial layers are adherent on hydrogel basement membranes of different thickness and composition [26] . According to the theory of poroelasticity [27] , compressing the ECM will cause a transient increase in hydraulic pressure and an outflow of water away from the ECM. By contrast, stretching the ECM will cause a pressure drop paralleled by water inflow. If the matrix is covered by an epithelial layer, these differences in transepithelial pressure can lead to fracturing of cell-cell junctions (Fig. 2c ). This behavior was recently reported in epithelial clusters of MDCK cells seeded on physiological and synthetic hydrogels matrices [6••] . Upon a sudden compression of the clusters, Casares et al observed that virtually every adherens junction was disrupted. This response was not attributable to tensile fracture because tension in the system was lowest at the time of fracture. Instead, the authors showed that intercellular cracks originated from a build-up of hydraulic pressure at the ECM-cell interface. Interestingly, a similar behavior was observed in single cells seeded on a deformable hydrogel [28] . Here, the poroelastic flows confined to the cell-substrate interface produced membrane delamination and formation of inward bleb-like structures.
If there is one cellular organelle thought to resist large deformations and pressure differences, it is the nucleus. Given the importance to separate transcription and translation, the nucleus has been traditionally assumed to be structured as a tight compartment allowing protein exchange with the cytoplasm only through tightly controlled import and export mechanisms [29] . The only exceptions to this rule were thought to be certain pathological states and the mitotic phase, when the nuclear envelope breaks down to enable binding between condensed DNA and the mitotic spindle [30] . This view was recently called into question by the Piel and Lammerding laboratories who showed that the nuclear envelope breaks when cells squeeze into extremely narrow channels, thereby enabling exchange of fluid and proteins between nucleoplasm and cytoplasm [2••,3••]. Unlike commonly thought, the authors showed that extreme nuclear squeezing might be a relatively usual phenomenon in dendritic cells during immune function and in cancer cells during invasion ( Fig. 2e,f) .
When a cell squeezes into a narrow pore, the nucleus divides the cytoplasm into two compartments, a front compartment with relatively low pressure, and a back compartment with relatively high pressure. Application of Laplace's law to this geometry shows that nuclear pressure has an intermediate value closer to the pressure at the back of the cell than that at the front [2••] . This large difference in hydraulic pressure at the front of the nucleus/cytoplasm interface was associated with detachment of the nuclear envelop from the nuclear lamina. Such detachment was proposed to cause the formation of nuclear blebs, which would eventually rupture ( Fig. 2e ). While differences in hydraulic fracture are thought to be at the origin of nuclear fracture, the role of poroelasticity during this process has not been yet studied. However, it is safe to assume that when a cell migrates into narrow pores, water will be squeezed out from the DNA hydrogel. Besides potential consequences in arrest of nuclear factors, nuclear squeezing will cause a large and sustained pressure of poroelastic origin at the nuclear tip, thereby contributing to nuclear fracture.
Healing from hydraulic fracturing
Hydraulic fracturing of hard inert materials like shale rocks is irreversible. By contrast, living materials have evolved intricate mechanisms to readily heal hydraulic cracks in the time scale of seconds to minutes. During its growth phase, the surface of a bleb is devoid of actin. With time, however, the cortex rebuilds by sequentially recruiting actin-membrane linker proteins, actin, actin-bundling proteins, regulatory proteins, and finally motor proteins [17] . Assembly of this structure is thought to arrest bleb expansion and, upon contraction, to retract blebs within tens of seconds.
Much like blebs, intercellular cracks resulting from hydraulic fracture seal within a few minutes [6••] . This sealing process is slowed down by myosin inhibition, thus suggesting an analogy with standard purse-string mechanism of wound healing. However, healing of hydraulic cracks displays notable differences with purse-string closure, primarily because water filling intercellular cracks is pressurized. Thus the crack healing mechanism must overcome a hydraulic pressure and force reabsorption of water into the cell cytoplasm or the ECM. To achieve this goal, crack sealing proceeds from the apical to the basal cell surface [6••] . Whether cells use specific mechanosensing strategies to sense pressure differences across their plasma membrane to regulate crack sealing is unknown.
Sealing nuclear cracks proceeds through a completely different mechanism than sealing of blebs or intercellular cracks. Raab [31] . All these functions share in common the need to constrict, fuse, and/or sever lipid membranes. The mechanism proposed to heal nuclear fracture was analogous to that used to reseal the nuclear membrane after mitosis or to repair the plasma membrane after damage [32] [33] [34] . Briefly, a few tens of seconds after fracture of the nuclear envelope, the central ESCRT-III subunit CHMP4B is recruited to the site of damage. CHMP4B subunits are then proposed to polymerize into a three-dimensional spiral which recruits other members of the ESCRT-III family to remodel, constrict and fuse the damaged membrane.
From fracture to architecture: design guidelines for protective hydrogels
These examples show how concepts from mechanics of materials can provide a framework to understand a number of biological processes involving transient fracture. Conversely, biological architectures can provide new concepts for materials design, such as tough micro-architectured materials made out of brittle constituents inspired in sea shells [35] , tough elastomer-hydrogel composites inspired in mammalian skin [36] , or polymeric multifunctional self-healing materials [37]. From a materials perspective, a striking aspect of epithelial sheets subject to stretching is that the poroelastically-driven hydraulic fractures are small and distributed throughout the material, in contrast with most materials that fracture by localizing a single crack. This is a sought after property of structural materials because distributed damage is able to dissipate more energy before failure, and thus lead to enhanced toughness. Lucantonio et al showed that depending of its stiffness, porosity or geometry, the presence of a hydrogel adjacent to a material susceptible of cracking fundamentally changes the fracture physics, by making the material tougher and less sensitive to pre-existing flaws [38]. This insight can help design new artificial materials, understand effects derived from an abnormal or aging matrix, or suggest therapies.
Conclusions and outlook
Hydraulic fracturing has recently been associated with the rupture of basic biological structures such as membrane/cytoskeleton bonds in blebbing cells, adherens junctions in epithelial monolayers, and the nuclear envelope in cells squeezing through narrow channels. Increasing evidence suggest that these rupture events might be rather common in physiology and disease and should therefore be carefully analyzed. Studying the mechanisms of hydraulic fracturing at the subcellular level poses enormous technical challenges. The advent of optogenetics tools to locally regulate cytoskeletal activity and the ever-improving resolution of light microscopy offer exciting avenues of research to control and visualize cellular fracking. Future research should also analyze the diverse mechanisms that cells access to heal hydraulic cracks. Given that these mechanisms operate in the presence of significant pressure gradients and flow, they probably differ in fundamental aspects from currently known mechanisms. Finally, further theoretical effort is needed to understand how the specific hydrogel composition (chromatin, the cytoskeleton or the ECM) and the molecular makeup of the interface (nuclear membrane-lamins, plasma membrane-cortex, or cell-ECM) determine their mechanical integrity or ability to remodel. which can be released by propagating a crack at the cost of surface energy and dissipation within the process zone. We distinguish between the ability of the material to resist reversible (elastic) deformation, the stiffness commonly characterized by Young's modulus, and its ability to resist crack growth, the fracture toughness. Fracture toughness is enhanced by dissipative mechanisms occurring at the process zone. 
Figure captions

